Very little is known about molecular evolution in the human malaria parasite P.
Introduction
It has been suggested that regulatory control of gene expression in the human malaria parasite Plasmodium falciparum is unique. Recent microarray experiments have shown that transcriptional control of asexual development in P. falciparum follows a rigid clock-like scheme, distinct from any eukaryote known so far (Bozdech et al. 2003) . Studies using SAGE have also 3 revealed potentially novel mechanisms of gene regulation at the post-transcriptional level in P. falciparum involving anti-sense transcripts across a significant portion of the genome (Patankar et al. 2001) . Additionally, known enhancers in P. falciparum lack homology to enhancers in any other eukaryote, leading to speculation that P. falciparum has developed a unique set of transcription factors different from yeast and higher eukaryotes (Horrocks, Dechering, and Lanzer 1998) . Finally, expression and differential silencing among different members of the var antigenic gene family have been shown to involve a novel cooperative interaction between introns and upstream elements (Calderwood et al. 2003) suggesting an important role for introns in directing gene regulation in this organism. However, very little is known about intron evolution in P. falciparum, though it has been recently suggested that polymorphism in intronic regions may be much lower than in protein coding synonymous sites due to intense purifying selection (Jongwutiwes et al. 2002) .
In species so far examined, intron positions are remarkably conserved over long intervals of evolutionary time (Moriyama, Petrov, and Hartl 1998; Kent and Zahler 2000; Roy, Fedorov, and Gilbert 2003) , though there is mounting evidence that lineage-specific intron loss and gain may occur (Rogozin et al. 2003) . Mechanistically, intron loss is thought to take place by both partial DNA deletion (Llopart et al. 2002) and by gene conversion events with reverse transcribed pre-mRNA (Roy et al. 2003) . Intron gain is thought to occur by reverse splicing of a preexisting nuclear intron into a pre-mRNA, followed by reverse transcription and gene conversion (Tarrío, Rodríguez-Trelles, and Ayala 1998).
Even in highly expressed genes where selection may act to reduce the size or presence of introns due to transcriptional cost, short introns, but not the loss of introns, appear to be favored (Castillo-Davis et al. 2002) . It has therefore been suggested that functional constraints on introns 4 at the level of gene regulation may be responsible for their maintenance (Castillo-Davis et al. 2002) . For example, it is known that spliceosomal introns play a critical role in eukaryotic gene regulation, both stimulating and repressing transcription (Fedorova and Fedorov 2003) and controlling the nucleocytoplasmic transport of mRNAs from the nucleus (Zhou 2000; Maniatis and Reed 2002) .
Given the unique nature of gene regulation in P. falciparum, in particular the potentially important role that introns may play in directing transcription and post-transcriptional control of gene expression, we compare rates of intron/gain loss and intronic substitution as well as protein evolution between P. falciparum and the rodent malaria P. y. yoelii. Additionally, because gene duplication is thought to be central to the evolution of novel molecular functions, adaptation, and the generation of genetic diversity (Ohno 1970; Lynch and Conery 2000) , we further examine these evolutionary parameters among duplicate genes in each species. In particular, we test the hypothesis that intron gain/loss, intronic substitution, and protein evolution are accelerated in duplicate versus orthologous genes in both parasites using the genome sequence of each species (Carlton et al. 2002; Gardner et al. 2002) .
We find that duplicate genes in both P. falciparum and P. y. yoelii exhibit a dramatic acceleration of both intron gain/loss and protein evolution in comparison with orthologs, suggesting increased directional selection and/or relaxed selection in duplicate genes. At the same time, we find that rates of nucleotide substitution do not differ significantly between introns and four-fold degenerate synonymous sites among duplicate genes, suggesting that a large fraction of intronic sites evolve under little or no selective constraint.
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Methods
PROTEIN ORTHOLOGY, DUPLICATION, AND EVOLUTIONARY ANALYSIS
Nucleotide sequences for 5409 mapped and annotated genes of P. falciparum were obtained from PlasmoDB Release 4.0 (http://www.plasmodb.org). Nucleotide sequences for 7861 annotated genes of P. yoelii were obtained from the TIGR Plasmodium yoelii Genome Database (http://www.tigr.org/tdb/e2k1/pya1/) which contained the draft 5x shotgun genome assembly.
Sequences that did not begin with ATG, that did not end with a stop codon, that possessed internal stop codons, that contained ambiguous bases, or that were less than 100 amino-acids in length, were removed, yielding 5054 and 4106 genes for P. falciparum and P. y. yoelii, respectively.
Orthologous genes between P. falciparum and P. y. yoelii were obtained from the TIGR Plasmodium yoelii Genome Database as identified by Carlton et al. (2002) using the criterion of reciprocal best hits (Tatusov, Koonin, and Lipman 1997) with BLASTP scores of E < 1 × 10 -15 .
Only alignments with > 80% similarity in length were retained, yielding 1822 orthologs.
Duplicate genes within the P. falciparum and P. y. yoelii genomes were obtained by alignment of each protein against every other in the proteome using BLASTP (Altschul et al. 1997) . Alignments with > 80% similarity in length and with E < 1 × 10 -10 were considered significant. Following Lynch and Conery (2000) , in an effort to avoid biases due to the differing evolution of large gene families (including antigenic genes), we eliminated genes which had 6 or more significant BLASTP alignments within a genome. After such screening, 927 and 497 pairs of duplicate genes remained for P. falciparum and P. y. yoelii, respectively. Next, all coding sequence pairs were globally aligned with ClustalW v1.82 (Thompson, Higgins, and Gibson 6 1994 ) (default parameters) using amino-acid sequences followed by back-translation into nucleotides using the original nucleotide sequence.
Maximum likelihood estimates of rates of nonsynonymous substitution (dN) and synonymous substitution (dS) between pairwise alignments were obtained with PAML v3.13d (Yang 2000 ) using a codon-based model of sequence evolution (Goldman and Yang 1994 ) with dN and dS as free parameters and average nucleotide frequencies estimated from the data at each codon position (F3 × 4 MG model; Muse and Gaut 1994) ; transition/transversion bias (κ) was estimated from unsaturated (dS < 0.4) paralogous genes in P. falciparum and P. y. yoelii and found to be similar in both genomes (κ = 1.535), and was therefore held constant in all analyses (Yang 2000) . Based on simulations using random sequence pairs, pairs of sequences with dS > 3
were excluded from analysis as these sequences are likely mis-identified as orthologs or paralogs (> 90% of random gene pairs have dS > 3; data not shown), yielding 1490 valid orthologs and 717 and 378 paralogs in P. falciparum and P. y. yoelii, respectively. Further, because estimates of dS > 1.5 are prone to error, only genes with dS < 1.5 were used for statistical calculations, yielding 1095 valid orthologs and 250 and 110 paralogs in P. falciparum and P. y. yoelii, respectively.
To facilitate comparison of genes of a similar age/mutational class, we compared duplicate gene pairs with a dS centered around the mode of the distribution of dS between orthologs (dS = 1.15) unless otherwise stated (dS = 0.9-1.4, n = 184). Duplicate genes were identified as tandemly duplicated on the basis of gene annotations if no intervening gene was present between a given duplicate pair.
INTRON GAIN/LOSS AND SUBSTITUTION
Intron gain/loss was determined in both orthologous and duplicate gene pairs by comparing annotation information between genes. For duplicate genes that are part of larger gene families (3-5 members), a gain or loss may be counted more than once by this method. Therefore, we obtained a subset of duplicate gene pairs that were each others closest relatives by the method of reciprocal best hits (Tatusov, Koonin, and Lipman 1997) within each genome, where a gain/loss could be counted only once, and repeated all analyses with this smaller dataset.
Intron sequences of paralogous genes were obtained from PlasmoDB and the TIGR Plasmodium yoelii Genome Database, and aligned using ClustalW under default parameters.
Because intronic nucleotide substitutions are saturated in orthologous genes, we compared rates of intronic nucleotide substitution with rates of four-fold synonymous substitution in recent duplicate genes (dS < 1.0). Substitutions per intronic site were counted directly from intronic nucleotide alignments without correcting for multiple hits. Substitutions per four-fold synonymous site were similarly calculated to facilitate a direct comparison between intron and coding sequence substitution. Comparisons using corrections for multiple hits did not change the results (data not shown).
CONTROL FOR ERRORS IN GENE PREDICTION USING EXPRESSION DATA
To test the possibility that the correlation observed between dN and intron gain/loss was an artifact of poor gene prediction, we examined this relationship using only those genes known to be expressed in P. falciparum. Unfortunately, genome-wide expression data is not yet available for P. y. yoelii. We considered a gene expressed if it i) significantly matched a known expressed 8 sequence tag (EST) in PlasmoDB (>500 bp match) and ii) was detected as expressed according to Le Roch et al. (2003) based on Affymetrix microarray expression data.
Results and Discussion
We observe substantially accelerated rates of nonsynonymous substitution (dN) in duplicate genes in both P. falciparum and P. y. yoelii (n = 250 and n = 110, respectively) compared to orthologous genes (n = 1490) (P << 10 -4 , Mann-Whitney U-test) (Figure 1 ). Note that in orthologous genes, the spread in dS represents stochastic variation in substitution rate among genes, since all gene pairs are by definition the same age (the time of species divergence).
In duplicate genes, dS is affected by both stochastic factors and the amount of time since regions of duplicate genes in other eukaryotic species Nembaware et al. 2002; Castillo-Davis et al. 2004 ) and for upstream regulatory sequences in C. elegans / C.
briggsae (Castillo-Davis et al. 2004 ). New to this study is the observation that intron/gain loss in duplicate genes in the genomes of both Plasmodium species is dramatically accelerated compared 9 to orthologs, (dup fal = 1.15 and dup yoe = 1.42 versus orth = 0.39, P << 10 -4 for each test, MannWhitney U-test; Figure 2 ). Overall, twice as many amino-acid substitutions occur and twice as many introns are gained or lost between duplicate gene pairs compared to between orthologs scaled by the same amount of time/mutation. Results did not change when using data where intron gain/loss was estimated from terminal duplicate pairs only (Methods). Since intron/gain loss increases with increasing dS in duplicates, it is likely that intron gain/loss is not caused by duplication by retrotransposition but another molecular mechanism such as nonhomologous recombination.
Interestingly, the pattern of accelerated evolution observed in duplicates was different for tandem and non-tandem duplicate genes, with tandem duplicate genes showing a lower mean rate of protein evolution (dN) than non-tandem duplicates (tandem fal = 0.32, non-tandem fal = 1.33, P < 0.001). Tandem duplicates also show fewer (though not significant) intron gains/losses (tandem fal = 0.286, non-tandem fal = 1.177, P = 0.12). Given that dS is also significantly reduced in tandem pairs (tandem fal = 0.753, non-tandem fal = 1.148, P = 0.04), it is likely that gene conversion between, and/or a recent origin of, tandem duplicate genes, is responsible for this pattern.
Two non-mutually exclusive scenarios can be envisaged to explain the accelerated evolution of duplicate genes. First, duplicate genes could experience weaker purifying selection than orthologs, i.e. relaxed selection. Second, duplicated genes could experience greater positive selection than orthologs. While there is still much debate concerning the process by which initially identical duplicate genes come to diverge in sequence and function, it is certain that after duplication the resulting genes are subject to either one of two fates: silencing of one copy by degenerative mutations, or preservation of both copies via natural selection. Classically, preservation is thought to occur by one of the copies acquiring of a beneficial mutation and novel function (neofunctionalization) (Ohno 1970; Ohta 1987; Walsh 1995) . More recently, it has been suggested that preservation of duplicate genes could be achieved by degenerative yet complementary mutations in both copies (subfunctionalization), with the organism subsequently requiring both genes (Hughes 1994; Force et al. 1999 ). Yet another possibility is maintenance of duplicates through a beneficial increase in gene dosage ).
While it is not possible to differentiate among these models here, we note that rates of protein evolution and intron evolution both exhibit an approximate two-fold increase after gene duplication. This result suggests that rates of protein evolution and intron evolution are related, such that a relaxation of selective constraint and/or positive selection acts on both aspects of gene structure. Indeed, among both duplicate and orthologous genes, the rate of intron gain/loss in a given gene is significantly correlated with its rate of protein evolution (r s = 0.163, r s = 0.318, P << 10 -4 for orthologs and duplicates, respectively; Spearman rank correlation, corrected for ties; Figure 3 ). Thus, genes that evolve slowly are more likely to show low rates of intron gain and loss. Conversely, genes that evolve quickly in protein sequence are more likely to have higher rates of intron gain/loss. Notably, this result holds both for orthologous genes between P.
falciparum and P. y. yoelii and for duplicate genes within each Plasmodium genome (r s = 0.132 and r s = 0.264, respectively, P << 10 -4 for both versus orthologs).
Since similarities in local mutation rates, or similar divergence times in the case of duplicates, may lead to the observed correlation between protein coding and intron gain/loss, we carried out multiple regressions involving dN, intron gain/loss, and dS, using dS as a simple measure of age/mutation rate in both orthologs and duplicates. In duplicates, we found that the correlation between protein (dN) evolution and intron gain/loss was a result of their correlation with dS alone; dN and intron gain/loss increase together over time but are not themselves related (Table 1) . In contrast, orthologs continue to exhibit a significant correlation between protein and regulatory evolution even after controlling for the possibility that this correlation is a consequence of dS-a similarity in local mutation rates (Table 1) . A similar result has been found among orthologous and duplicate genes in nematodes for coupling between protein and upstream regulatory change (Castillo-Davis et al. 2004 ).
The observation that protein change and intron gain/loss in duplicates is not coupled in duplicates implies that these aspects of gene structure may evolve independently. Such independence is not unexpected as both the neofunctionalization and subfunctionalization hypotheses predict changes in duplicate gene protein function, regulatory control, or both. It is possible that intron gain/loss and coding sequence change occur asymmetrically between duplicate genes, for example, accelerated intron gain/loss in one copy but no protein change, and accelerated protein change but no intron gain/loss in the other. While there is some evidence for differences in rates of functional diversification and protein change among young duplicate pairs in yeast and human, respectively (Wagner 2002; Zhang, Gu, and Li 2003) , the proportion of functional divergence events among duplicate genes that occurs due to changes in different domains duplicate gene structure is currently not known. In contrast, there is no evidence that evolution proceeds asymmetrically among orthologous genes.
A correlation between intron gain/loss and protein evolution in orthologs is not entirely unexpected, as it has been recently shown that rates of upstream cis-regulatory evolution and protein evolution are similarly weakly coupled in nematodes (Castillo-Davis et al. 2004 ). Because many spliceosomal introns play critical roles in eukaryotic gene regulation, for example, acting as transcriptional enhancers or silencers (Fedorova and Fedorov 2003) or controlling posttranscriptional mRNA export from the nucleus (Zhou 2000; Maniatis and Reed 2002) , their gain or loss, presumably resulting in a change in regulation, may be similarly coupled to protein change.
Since errors in gene prediction may result in a spurious relationship between dN and intron/gain loss, we re-analyzed the data using only genes for which there was evidence of transcriptional expression in P. falciparum as assessed by significant matches to ESTs and significant expression based on Affymetrix microarray data (Le Roch et al. 2003; Methods) .
Using only these genes in our dataset we found the relationship between dN and intron/gain loss in orthologs and paralogs did not change (r s = 0.130 and r s = 0.327, for orthologs and P.
falciparum duplicates, respectively, P < 0.0005 for both).
Given that evolutionary changes do not occur strictly asymmetrically among orthologs, the observed relationship between exon-intron structure and protein sequence over evolutionary time in orthologous genes suggests a functional linkage between these two aspects of gene structure. If relaxed selection is responsible for this pattern, we may deduce that the degradation of gene function by changes in amino acid sequence and intron gain/loss have similar fitness consequences, since they proceed similarly over time. On the other hand, if positive selection is driving protein change and intron gain/loss evolution, then it would appear that, in some cases, changes in gene function vis-a-vis protein divergence require (or are enhanced by) changes in intron gain or loss or vice-versa. In either case, the observation that multiple aspects of gene structure and function are evolutionarily related lends support to the hypothesis that selection acts on genes as integrated units (Castillo-Davis et al. 2004 ).
In contrast, a genome-wide comparison of rates of intronic and synonymous codon substitution in duplicate genes in both genomes indicates that intronic and synonymous codon substitution rates are not significantly different from each other (slope for combined data = 0. This result stands in contrast with those of Jongwutiwes et al. (2002) , in which large differences in the level of polymorphism of intronic and synonymous sites were found in the genes MSP4 and MSP5 in P. falciparum. The low, population-level intronic site diversity and high synonymous site diversity in these genes was interpreted as evidence that introns in P.
falciparum are under selection related to AT content. However, it is likely that this result represents differences unique to MSP4 and MSP5 as it is not observed across the genome as a whole. Our results suggest that, for the purposes of population genetic studies of P. falciparum, intronic sequences and 4-fold synonymous sites may be treated as approximately neutrally evolving.
Conclusion
In summary, intron gain/loss and protein evolution is dramatically accelerated in duplicate genes in both P. falciparum and P. y. yoelii due to either relaxed selection or positive selection or both. Additionally, rates of protein divergence and intron gain/loss are correlated over evolutionary time after speciation but not necessarily gene duplication. This suggests a functional linkage between these two aspects of gene structure that may have important implications for how adaptation proceeds in Plasmodium. While it remains to be seen whether the acceleration of intron gain/loss in duplicate genes is unique to Plasmodium, it seems likely that selection on coding sequences, intron-exon structure, and upstream regulatory sequences are closely related in eukaryotes. It remains to be seen how far this emerging picture of genes as integrated selective units will extend. Positive correlation between protein evolution (dN) and intron gain/loss in orthologous genes and duplicate genes. Note that orthologous genes show a significant correlation between protein and intron gain/loss change even after correcting for the effect of age/local mutation rate but duplicate genes do not (Table 1 ). 
